Background
[2] As Indian Ocean Kelvin waves (IOKWs) impinge on the west coast of Sumatra at the equator, they produce a reflected Rossby wave, as well as coastally trapped Kelvin waves propagating northward and southward [Clarke and Liu, 1993] . Kelvin waves thus produced have been reported to propagate along the southern coasts of Sumatra, Jawa, Bali, Lombok, and the Lesser Sunda Islands (LSI) in both observations [Arief and Murray, 1996; Meyers, 1996; Michida and Yoritaka, 1996; Sprintall et al., 1999 Sprintall et al., , 2000 Wijffels and Meyers, 2004] and models [Yamagata et al., 1996] . The intrusion of Indian Ocean Kelvin waves (IOKWs) into Lombok Strait has been reported by Arief and Murray [1996] . Finally, Lombok Strait is a major passage for Indonesian throughflow [Murray and Arief, 1988] , so that Kelvin waves entering Lombok Strait may significantly affect transport variability of the throughflow.
Notwithstanding these suggestive findings, it is still an area of active debate how much the southward propagating Kelvin waves impact the internal Indonesian Seas and Indonesian throughflow [Murtugudde et al., 1998; Qiu et al., 1999] .
[3] Using a simple analytical model to predict coastal sea level changes due to along-shore wind stresses, Sprintall et al. [1999] investigated the occurrence interval of incoming IOKWs using moored current-meter data obtained at Cilacap (south Jawa water). They also detected the passage of KWs in pressure gauge records obtained at the northern part of Lombok Strait and in two moored current-meter data records obtained in Makassar Strait . The latter study provides a strong suggestion that IOKWs can intrude into the interior Indonesian Seas through Lombok Strait and affect the Indonesian throughflow in the downstream straits.
[4] More recently, Durland and Qiu [2003] performed a numerical experiment based on a one-and-a-half layer reduced gravity model to estimate the energy of the first baroclinic Kelvin wave entering Lombok Strait by changing the ratio of the width of the strait to the Rossby internal radius of deformation. They conclude that Lombok Strait can accommodate the majority (more than 80%) of the incoming IOKW energy within the intraseasonal period band.
[5] In this study, we are concerned with the first baroclinic IOKWs propagating along the southern coast of Sumatra, Jawa, Bali, Lombok and the LSI. We examine their energy intrusion into Lombok Strait, using the TOPEX/POSEIDON (T/P) and ERS-1/2 altimeter data sets during 1993-2001, as well as reduced-gravity simulations using the Spectral Element Ocean Model (SEOM). Our goal is to obtain more precise estimates of how much IOKW energy enters Lombok Strait.
Data and Model
[6] The merged T/P and ERS-1/2 altimeter data were obtained from the Space Oceanography Division of Collected Localization Satellites (CLS) in Toulouse, France [Le Traon et al., 1998 ]. The merged data have a spatial interval of 1/3 degree with a repeat cycle of 7 days. The data used here are from January 1993 through December 2001. T/P data are available for the whole period, except between January 1994 and March 1995 (ERS-1 geodetic phase) when there are no merged T/P and ERS fields. GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L24307, doi:10.1029 /2004GL021227, 2004 Copyright 2004 by the American Geophysical Union. 0094-8276/04/2004GL021227$05.00 [7] Figure 1 (top) shows the domain of the Sea Surface Height Anomaly (SSHA) data used in this study with two along-coast transects running along the southern coast of Jawa-Bali (JW-BL) and the Lesser Sunda Islands (LSI). Annual and semiannual (seasonal) components are removed from the SSHA data using harmonic analysis to emphasize the intraseasonal and interannual variability of KW signals. We apply a frequency-wavenumber spectral analysis method to identify KW signals on these transects. The peak point of power spectral density in frequency-wavenumber space is determined for the biggest KW signal occurring on an annual basis. The KW energy entering Lombok Strait is then calculated by subtracting the energy for transect LSI from that for transect JW-BL.
[8] In this letter, we take advantage of the beneficial properties of SEOM to obtain better dynamical features in the complex geometry of Lombok Strait. A more complete description of SEOM can be found in Iskandarani et al. [1995] and Haidvogel and Beckmann [2000] . Figure 1 (bottom) is the grid configuration adopted in the one-anda-half layer SEOM model. We improve upon the results of previous numerical experiments by achieving a finer grid size of 1/30°(3.5 km) within Lombok Strait (width of 40 km), and an average grid size of 1/6°in the rest of the study area. This improvement of spatial resolution modifies significantly the results of previous modeling studies.
[9] Three transects are chosen to estimate the KW energy flux: transect A at the center of along-coast transect JW-BL, transect B at the southern entrance of Lombok Strait, and transect C at the western edge of along-coast transect LSI. This computation is done on the SEOM grid on the basis of the shallow-water equation for the total mechanical energy budget. A 50-day KW forcing is imposed to set up a maximum volume transport of 8.5 Sv at the west coast of Sumatra (see transect IF in Figure 1 , bottom). This in turn produces velocity maxima in the range of 50 -70 cm/s (corresponding to transport changes of 2 -3 Sv) in Lombok Strait, consistent with prior observational estimates in this region [Arief and Murray, 1996; Chong et al., 2000] .
Kelvin Wave Propagation Through Lombok Strait
[10] The modeled Kelvin wave propagates along the southern coasts of Sumatra, Jawa, and Bali entering Lombok Strait before moving northward along the western coast of Makassar Strait and reaching the Sulawesi Sea basin at day 24 (Figure 2a) . The KW energy flux entering Lombok Strait through transect B is approximately 65% of that across transect A south of Jawa; only 6% of the energy crosses transect C south of LSI. The model results suggest that the remaining 29% of the incident energy is lost to bottom friction, and wave scattering and trapping due to the complicated coastline shapes that are especially prominent at the southern entrance of the Bali and Lombok Straits (Figure 2b ). The energy fractions of 65% and 6% are nearly constant (not shown here) although the incident energy level of the modeled KW increases somewhat with each 25-day cycle as seen in Figure 2b .
[11] Time-longitude plots of SSHA during 1993 -2001 capture eight occurrences of significant IOKWs, seen as narrow red bands of SSHA contours along the JW-BL and LSI transects (Figure 3a) . The eight KWs selected on an annual basis are numbered in the order of occurrence time.
To emphasize the effect of Lombok Strait in the KW propagation, magnified time-longitude plots are also presented in the figure for two typical period ranges of the KW occurrences in 1995 and 1997. When KWs occur twice a year as in 1996 and 2000, the bigger one is selected as pointed out by an arrow in this figure. KWs frequently occur either in May/June or November/December but do not repeat exactly every 6 months (semiannual) or every year (annual), indicating the predominance of interannual variations. This is in agreement with Yamagata et al.
[1996] who suggested that interannual changes of zonal wind over the central equatorial Indian Ocean can introduce significant modulation of the semiannual Yoshida-Wyrtki jets. Intraseasonal KW variations may also be generated in response to Madden-Julian Oscillation wind bursts over the equatorial Indian Ocean [Han et al., 2001] . Interestingly, during the Indian Ocean Dipole years, there is little or no KW evidence within a resolution of 1.22 Â 10 5 cm 2 for the power spectral density (e.g., none in 1994 and only one in November 1998).
[12] The inclination of the narrow red contour bands sloping up to the horizontal axis indicates that the KWs propagate from west to east along the transects. The KW signals propagate with phase speeds ranging from 1.5 to 2.9 ms À1 . The first baroclinic KW phase speed of 2.7 ms À1 calculated from the density profile data at the Ombai Strait and that of 2.4 ms À1 determined from SEOM (with internal Rossby radii of deformation of 120 and 160 km, respectively) are within the above variability range.
[13] The dispersion diagrams for the second KW which occurs in 1995 are shown in the left and right panels of Figure 3b for transects JW-BL and LSI, respectively. The dispersion diagram is produced by removing a linear trend in the SSHA data, and then by performing a two-dimensional spectral analysis for the resulting SSHA data. The contour diagram of power spectral density is drawn with a contour interval of 1.22 Â 10 5 cm 2 in dimensionless frequencywavenumber space. Here w/f and k*R are the dimensionless frequency and wavenumber, where f is the reference Coriolis parameter; w, the wave frequency; k, the alongtransect wavenumber; and R, the internal Rossby radius of deformation. KW occurrence is indicated within the portion of the domain enclosed by contours of maximum spectral density. The w/f and k*R for the identified KWs are determined to be 0.0082 and 0.0068, respectively, by finding an average position of the spectral peaks for transects JW-BL and LSI. The dimensionless frequency value of 0.0082 corresponds to a period of 61.9 days. The straight line in the figure is the theoretical dispersion curve of the first baroclinic Kelvin wave. The 1995 KW is also observed as a coastally trapped wave in the moored current meter data acquired at Ombai Strait in December 1995 [Molcard et al., 2001] .
[14] The frequency-wavenumber spectral analysis is also applied to each of the annual data sets from 1993 through 2001. The values of w/f and k*R thus determined vary from 0.015 to 0.0055 and from 0.005 to 0.01, respectively. The frequency range encompasses intraseasonal time scales from 35 to 90 days.
Energy Budgets
[15] The KW energies observed along transects JW-BL and LSI, and that entering Lombok Strait (inferred as the difference of the former two), are shown by year in [16] The highest (lowest) intrusion rate of KW energy for Lombok Strait is 70.6% (26.8%) in 1997 (1998) with a mean and standard deviation of 55.6% ± 13.9%. The KW energy on the LSI transect has the highest (lowest) passing rate of 73.2% (29.4%) in 1998 (1997) with a mean and standard deviation of 44.4% ± 13.9%. The KW energy entering Lombok Strait shows strong interannual variability, e.g., no KW evidence in 1994, very small KW energies in 1998 and 1999, and much higher KW energies in 1997 and 2000. This result supports Wijffels and Meyers [2004] analysis that KWs with significant interannual variability have a routine pathway through Lombok Strait and can reverse current and affect temperature in the Makassar Strait as shown by Sprintall et al. [2000] at semiannual time scales. In contrast, the KW energy on transect LSI has relatively weak interannual variability. The KW energy entering Lombok Strait is thus increased in proportion to the KW energy coming from the Indian Ocean. The crosscorrelation coefficient for these two energies is 0.968. This suggests that the majority of the incoming IOKW energy is used to increase the KW energy entering Lombok Strait.
[17] The SEOM results indicate a percentage rate of 65% for the KW energy flux entering the Lombok Strait. Here notice that the KW energy flux has the same meaning as the energy itself when the phase speed is constant over the model domain. The above percentage is within, but closer to the upper end of, the observed range of 26.8 -72.1% determined from the two-dimensional spectral analysis of SSHA data.
Concluding Remarks
[18] The first baroclinic Kelvin waves originating from the equatorial Indian Ocean propagate along the southern coast of Sumatra, Jawa, Bali, and the LSI with significant interannual and intraseasonal variabilities. The KW phase speeds and periods range from 1.5 to 2.9 ms À1 and from 35 to 90 days, respectively.
[19] Approximately 55.6 ± 13.9% of the incoming IOKW energy enters Lombok Strait and the remaining 44.4 ± 13.9% goes further to the east along the southern coast of the LSI. The SEOM results show that IOKWs propagate their energy through Lombok Strait with approximately 65% efficiency, in good agreement with the SSHA data. The mean percentage of 55.6% observed entering Lombok Strait is nonetheless smaller by about 10-30% than the present and previous modeling results.
[20] This discrepancy would seem to be caused in part by the omission of bottom topography, since detailed coastline shapes are included in the present study. There is a prominent sill at about 250 meters depth at the southern entrance of Lombok Strait. This sill makes a barrier to the entrance of KWs coming from the Indian Ocean and serves to make a threshold for these waves, so that the KW energy entering Lombok Strait is increased with the incoming IOKW energy in the range over the threshold. It is proposed that the threshold, which may be about 10% of the mean IOKW energy, can be explained by a more realistic model considering bottom topographies.
[21] Despite the need for increasing realism in these regional modeling studies, however, it is concluded that Lombok Strait is a primary pathway for energy intrusion from the Indian Ocean to the internal Indonesian Seas.
[22] The results show a prominent interannual variability of KW energy passing Lombok Strait (see Figure 4) . Further explanation of interannual variability related to ENSO and IOD events is beyond the scope of this study.
